To extend the scaling beyond the most widely used block copolymer (BCP), poly(styrene)-block-poly(methyl methacrylate) (PS-b-PMMA), a new organic high-BCP based was developed. Polystyrene-b-polytrimethylene carbonate (PS-b-PTMC) BCP was synthesized using ring opening polymerization (ROP) of trimethylene carbonate from hydroxy-functional polystyrene (PS-OH) with diazabicyclo[5.4.0]undec-7-ene (DBU) as the base catalyst. The resulting BCP was characterized by 1 H nuclear magnetic resonance (NMR) and gel permeation chromatography (GPC) to confirm the complete chain extension of the polystyrene macroinitiator. For the DBU catalyzed BCP, the GPC trace revealed a trimodal distribution indicating the presence of coupling product and homo-PTMC impurity. Using purification techniques, homo-PTMC impurity was isolated to afford purified BCP. Thin-film morphologies of the non-purified and the purified BCPs on poly(methyl methacrylate) (PMMA) coated substrates followed by short thermal annealing were characterized using atomic force microscopy (AFM) analysis. The non-purified BCP showed island morphology with a step-height of 17 nm whereas the purified PS-b-PTMC showed a flat film with parallel cylinders of 16.4 nm pitch row-to-row distance. The ability for the PS-b-PTMC to self-assemble below 20-nm pitch resolution confirms the high interaction parameter, , between the PS and PTMC blocks and is a promising candidate as a high--assembly (DSA) application.
Introduction
Directed self-assembly (DSA) is one of the most promising candidates for resolution enhancement for advanced lithography node [1] . While PS-b-PMMA is the most widely used block copolymer for DSA, the minimum half-pitch of this BCP is limited to ~10 nm because of the low blocks. In order to obtain block copolymers with a smaller natural period, Lo, many new BCP platforms with higher parameters between their blocks have been investigated [2] . Several highBCPs like PS-b-PDMS [3] , PS-b-PTMSS [4] , and PLA-b-PTMSS [5] having at least one inorganic block have been developed to increase the dry etch selectivity of the self-assembled nanostructures. On the other hand, organic-organic highlike PS-b-PEO [6] , PS-b-P2VP [7] , P MS-b-PHOST [8] , PS-b-PLA [9] , partially epoxidized PS-b-PIE [10] , poly(ethyleneoxideb-fluorinated methacrylate) [11] and PS-b-PHEMA [12] have also been developed to enable sub-10 nm half-pitch resolution for DSA.
Herein, we report a new class of block copolymers based on aliphatic polycarbonates for directed self-assembly. In this work the synthesis, purification and characterization of an all-organic, polystyrene-b-polytrimethylene carbonate (PSb-PTMC) high-BCP platform for DSA with sub-10 nm half-pitch resolution is reported. The impact of BCP purification on thin-film uniformity of the self-assembled features will be discussed. Hydroxy-terminated polystyrene macroinitiator (PS-OH, 0.15 g, 0.028 mmol, Mn = 6600, PDI = 1.05), TMC (0.192 g, 1.88 mmol) and DCM (1.90 ml) were added to an oven-dried 4 ml glass vial equipped with a magnetic stir bar. The reaction mixture was stirred until the PS-OH macroinitiator and TMC were completely dissolved in DCM, upon which ring opening polymerization catalyst DBU (17.5 mg, 0.113 mmol) was added. The reaction mixture was stirred at room temperature for 17 hours in a N 2 glove box. The reaction was stopped by adding DCM (1 ml), TEA (0.1 ml, 0.388 mmol) and acetyl chloride (0.02ml, 0.28 mmol). The reaction was further stirred for two hours at room temperature. The block copolymer was isolated by precipitating the reaction mixture in methanol. The product was collected in a frit funnel by removing methanol under vacuum. The resulting solids were redissolved in THF to form a 20 wt% solution and reprecipitated in methanol. The solid was collected in a frit funnel and dried under vacuum at 40° C for two hours to obtain the PS-b-PTMC block copolymer. Mn (GPC) = 14100, PDI = 1.08. The PS block had Mn = 6600 (by NMR) and a degree of polymerization (DP) = 63. The PTMC block had Mn = 7600 and DP = 74, indicating ~90% conversion of TMC. The volume fraction of PTMC block, Vf PTMC PTMC = 1.30 g/cm 3 ).
Purification of PS-b-PTMC BCP.
The crude PS-b-PTMC obtained above was further purified to remove any homopolymer of TMC. The resulting BCP had Mn (GPC) = 14,400, PDI = 1.05. The PS block had Mn = 6600 and a degree of polymerization (DP) = 63. The PTMC block had Mn = 4600 (by 1 H NMR) and DP = 47. The volume fraction of PTMC block, Vf PTMC of the purified PS-b-PTMC was ~0.36.
Fabrication of underlayer and BCP coated substrates
A solution AZEMBLY™ NLD-303 (PMMA brush solution) was spin coated with 2000 rpm on a silicon wafer. The coated wafer was baked at 250°C for 2 minutes prior to a solvent rinse with PGMEA to form the UL coated substrate. Film thickness of the baked underlayer films was measured as 5 nm with Nanospec Reflectometer. PS-b-PTMC BCPs before and after purification were dissolved in PGMEA at a concentration of 1.2 wt% based on total weight of the solution. The solution was filtered (0.2 micrometer PTFE filter) and spin coated at 2000 rpm rate on the PMMA brush coated UL substrate. The BCP thin films were subsequently annealed at 170° C for 5 minutes and immediately cooled to room temperature and analyzed by AFM.
Results and Discussion

PS-b-PTMC Block Copolymer Synthesis
To enable sub-10 nm half-pitch resolution for future patterning applications, polycarbonate-based BCP platform was developed by ring opening polymerization (ROP) of trimethylene carbonate (TMC) from hydroxyl-functional polystyrene macroinitiator using DBU as the base catalyst [13] . The reaction was carried out in a N 2 filled glove box at room temperature until ~90% conversion of TMC monomer. The resulting polymer had Mn(GPC) = 14,100 and PDI = 1.08. The block lengths of the BCP was determined by 1 H NMR and was calculated as PS(6600)-b-PTMC(7600). The volume fraction of PTMC block of the BCP, Vf PTMC PTMC = 1.30 g/cm3), indicating a lamellae-forming BCP. Figure 1 shows the GPC trace for the PS-OH macroinitiator (red) and the resulting PS-b-PTMC (blue) BCP. As it can be seen from the GPC trace, the DBU catalyzed AROP of TMC resulted in trimodal distribution. It has been previously reported that the ROP of aliphatic carbonates with highly active catalysts like 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and DBU results in broadening of molecular weight distribution and bimodal GPC traces with high molecular weight shoulder due to transcarbonation of the polymer chains [14, 15] . In our work on ring opening of TMC using PS-OH macroinitiator, in addition to the high molecular weight shoulder at high monomer conversion, a low molecular weight tail was also observed. We attribute this tail due to the formation of PTMC oligomers and homopolymers due to back-biting of the living polymer chains resulting from intramolecular transcarbonation [16] .
Purification of PS-b-PT MC BCP
Access to highly pure BCPs is key for good DSA performance. DBU catalyzed BCP was purified to remove oligomers and homopolymer of TMC formed during the AROP. Figure 2 shows the GPC trace for the PS-OH macroinitiator (red) and the purified PS-b-PTMC (blue) BCP. It was noticed that the low molecular weight tail of the BCP was eliminated after purficiation, resulting in a cleaner BCP with narrower PDI than the non-purified BCP. The block lengths of the purified BCP was determined by 1 H NMR as PS(6600)-b-PTMC(4600) confirming the presence of homo-PTMC impurities in the BCP. The volume fraction of the PTMC block after BCP purification was ~0.36, indicating a cylinder-forming BCP with PS matrix and PTMC cylinders. 
Impact of BCP purification on thin-film morphology of PS-b-PTMC
To evaluate the impact of impurity on thin-film self-assembly of PS-b-PTMC BCP, 1.2 wt% solutions of both the non-purified and the purified BCPs in PGMEA were spin-coated at 2000 RPM on PMMA modified Si wafer coupons. The resulting substrates were annealed at 170 °C for 5 min and immediately cooled to room temperature. The morphologies of the resulting thin-films were studied by AFM. Figure 3a These results confirm that the PS-b-PTMC BCP synthesized by DBU catalyst has homo-PTMC impurities and using purification techniques, clean PS-b-PTMC BCP can be obtained. The thin film characterization results indicate that homo-PTMC impurity in the PS-b-PTMC BCP affects the morphology and highly clean BCPs are essential for DSA application.
Conclusion
Polycarbonate-containing highsub-10 nm half-pitch were developed. DBU-catalyzed ring-opening polymerization from PS-OH macroinitiator resulted in impure block copolymers with significant amount of homo-PTMC. Using purification techniques, highly clean PS-b-PTMC BCP was obtained after eliminating the homopolymer impurity. Thin-film morphology studies of non-purified and purified BCPs revealed the importance of clean polymers for DSA application. While the non-purified BCP had a VfPTMC ~ 0.47 and showed 17nm islands in AFM height image, the purified BCP with VfPTMC ~ 0.36 showed a very flat film with 16.4 nm pitch parallel cylinders.
Our ongoing work includes developing orientation control strategies for BCP-substrate and BCP-air interfaces, grapho and chemoepitaxy DSA using the PS-b-Polycarbonate BCP platform and etch optimization to selectively remove the polycarbonate domain.
